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1. Two enzymes (A and B) which catalyse the sulphation of p-nitrophenol and L-tyrosine methyl ester have been isolated from female rat livers. One of these enzymes (A) also catalyses the sulphation of dehydroepiandrosterone. 2. The K.
values for the sulphation ofp-nitrophenol and L-tyrosine methyl ester by enzyme B at pH 7.5 are 1.5 lm and 2.9mM respectively. 3. Enzyme B is oxidized on keeping at 00C when the Km and V,,,. values for the sulphation of p-nitrophenol are increased approx. 200-fold and fourfold respectively. This oxidized preparation of enzyme B fails to catalyse the sulphation of L-tyrosine methyl ester. 4. When the oxidized form ofenzyme B is kept at 0°C and low ionic strength then further forms of p-nitrophenol sulphotransferase are produced having even lower affinities for the sulphate acceptor. 5. The Km value for adenosine 3'-phosphate 5'[35S]-sulphatophosphate is not affected during storage of the enzyme under these conditions. 6. Prolonged storage ofenzyme B at low ionic strength leads to a considerable degree of polymerization of p-nitrophenol sulphotransferase and L-tyrosine methyl ester sulphotransferase. 7. The changes in the kinetic properties and molecular size of enzyme B during storage are reversed by dithiothreitol.
There is conflicting evidence about the effect of thiols on the catalytic activity and molecular size of mammalian sulphotransferases. GSH and cysteine have been found necessary for the maximum activity of phenol sulphotransferase (adenosine 3'-phosphate 5' -sulphatophosphate-phenol sulphotransferase, EC 2.8.2.1) from rabbit and rat livers respectively (Gregory & Lipmann, 1957; Subba Rao, Seshadri Sastry & Ganguly, 1963) . Conversely GSH, 2-mercaptoethanol and dithiothreitol have been shown to inhibit the sulphation of p-nitrophenol but to enhance the sulphation of derivatives of L-tyrosine by rat liver enzymes (Mattock & Jones, 1970) . The molecular weights of phenol sulphotransferases from guinea-pig and rat livers have been estimated as 60000 and about 200000 respectively (Banerjee & Roy, 1966; Carroll, 1969) . The enzyme from rat livers could be partially dissociated by treatment with 2-mercaptoethanol. The complex kinetics of the sulphation ofp-nitrophenol by this enzyme preparation were attributed to the presumed different kinetic properties of the molecules ofvarious size which probably co-existed under the experimental conditions that were used (Carroll, 1969) . A report by Carroll & McEvoy (1970) claims that the molecular weight of freshly prepared rat liver phenol sulphotransferase is about 60000, and that aggregates of larger molecular size are formed on storing in the cold. These aggregates are enzymically active but are dissociated and inhibited by added thiols.
The present paper describes changes in the kinetic properties and molecular size of phenol sulphotransferase from rat livers that occur when preparations are stored in the cold and in the absence of thiol-reducing agents. A preliminary account of this work has already been given (Barford & Jones, 1970) .
MATERIALS AND METHODS
Preparation and determination of adenoaine 3'-pho8phate EXPERIMENTAL AND RESULTS Preparation of the enzyme. Phenol sulphotransferase was isolated from the livers of female M. R. C. hooded rats (Mattock & Jones, 1970) . Enzyme from stage 3 of that preparative procedure was reduced by treatment with 0.01M-dithiothreitol at 370C for 5min. A sample (15ml) was then subjected to ionexchange chromatography as described above. Two peaks (A and B) of p-nitrophenol and L-tyrosine methyl ester sulphotransferase activity were obtained (Fig. 1) . Enzyme A also contains sulphotransferase activity towards dehydroepiandrosterone. When the enzyme preparation was examined without prior reduction, the elution profile of sulphotransferase activity measured towards Ltyrosine methyl ester remained essentially the same although there was some loss of resolution of the two pee*ks. Tubes corresponding to enzyme A and enzyme B were pooled separately, dialysed for 4h against 500vol. of buffer solution A and kept at 0°C. After 1 week, enzymes A and B were examined separately by ion-exchange chromatography and in each case sulphotransferase activity towards pnitrophenol and L-tyrosine methyl ester was found to be eluted from the column as a single homo- (final concn. 0-6mM) and p-nitrophenol (final conen. 0-20um) were measured separately by using the assay procedure outlined above. The results were expressed as double-reciprocal plots (Lineweaver & Burk, 1934) and the Michaelis constant for each substrate was determined by extrapolating lines to cut the abscissa (Fig. 2) . The Km values for L-tyrosine methyl ester and p-nitrophenol were 2.9mM and 1.5 /M respectively.
Time-dependent change8 in the catalytic properties of enzyme B. A sample of enzyme B was kept at 00C and assayed periodically for sulphotransferase activity towards L-tyrosine methyl ester (final concn. 6mM) and p-nitrophenol (final concn. 20,uM).
Both enzyme activities decreased to zero in approx. 2 weeks but sulphotransferase activity towards pnitrophenol could be detected at a higher concentration of this substrate. Fig. 3(b) shows the effect of varying the concentration of p-nitrophenol on the rate of its sulphation by this preparation of enzyme B that had been kept at 00C for 3 weeks. The Vmax. value for the sulphation of p-nitrophenol increased fourfold during this period and the Km value increased to 0.34mM. Fig. 3(a) . All of the original kinetic properties of enzyme B could be restored at any time by treatment with 0.025m-dithiothreitol at 370C for 5min (Table 1) . The changes that occur in the catalytic properties of enzyme B during storage may therefore be attributed to the oxidation of thiol groups in the protein. Fig. 4 compares the kinetics of the sulphation of p-nitrophenol by an oxidized preparation of enzyme B with the kinetics of the same reaction by the same enzyme preparation after reduction with dithiothreitol as described above. The oxidation of enzyme B can be expedited by carrying out the usual concentrating procedure in the absence of 2-mercaptoethanol. After 1 day at 00C this enzyme preparation failed to catalyse the sulphation of L-tyrosine methyl ester and the kinetics of the sulphation ofp-nitrophenol were identical with those shown in Fig. 3(b) and were unaltered after a further 3 weeks at 0°C.
A sample of enzyme B that had been oxidized in 1 day was dialysed for 4h against 500vol. of 0.01M-tris-HCl buffer, pH7.5, containing 0.2mM-EDTA and kept at 00C. The preparation was assayed periodically for phenol sulphotransferase activity (final concentration of p-nitrophenol was A dialysed sample of the oxidized enzyme B was kept for 3 weeks at 0°C and then assayed for phenol sulphotransferase activity by using lOmM-p-nitro- The results (Fig. 6) show that the interaction between enzyme and nucleotide is independent of the state of oxidation of the enzyme.
Effect of dithiothreitol on the sulphotran8ferase activity offre8h rat liver supernatant. A suspension (20%, w/v) of livers from adult female rats was prepared in 0.25M-sucrose with the aid of a Teflonglass homogenizer, clarified by centrifuging at 81 000gav. for 45min in a Spinco model L preparative ultracentrifuge and the supernatant retained. Samples (20,ul) of the supernatant were assayed for sulphotransferase activity towards L -tyrosine methyl ester (6mM) and p-nitrophenol (20Mm and 1OmM) by using the usual assay mixture both in the absence and presence of 50mM-dithiothreitol. The results (Table 3) show that the thiol-reducing agent has no effect on these sulphotransferase activities in a freshly prepared liver supernatant.
Behaviour of enzyme B on Sephadex G-200. A freshly prepared sample of enzyme B was examined by chromatography on a column of Sephadex G-200 as described above. The results (Fig. 7a) show that sulphotransferase activity towards L -tyrosine methyl ester and p-nitrophenol emerge from the column as a single peak, and the elution volume (73ml) was slightly larger than that measured for a pure sample (2mg in 2ml ofbuffer) of bovine serum A second sample of enzyme B was concentrated in the absence of 2-mercaptoethanol and dialysed for 4h against 500vol. of O.OlM-tris-HCI buffer, pH7.5, containing 0.2mM-EDTA. This preparation was kept at 00C and samples were examined by chromatography on Sephadex G-200 after 3 weeks and 5 weeks. The kinetics of the sulphation of pnitrophenol by these two samples were identical with those shown in Figs albumin (70ml) and corresponds to the elution volume expected for a globular protein of molecular size about 60 000. was treated with 0.025M-dithiothreitol at 370C for 5min and again examined by chromatography on Sephadex G-200. The sulphotransferase activities now emerged from the column as a single component with an elution profile identical with that shown in Fig. 7(a) for the freshly prepared enzyme B. DISCUSSION Two enzymes (A and B), capable of catalysing the sulphation of p-nitrophenol and L-tyrosine methyl ester, have been isolated from female rat livers. Enzyme A also catalyses the sulphation of the non-phenolic steroid dehydroepiandrosterone. This situation is analogous to the one described for sulphotransferases from guinea-pig liver (Banerjee & Roy, 1966) . In this latter case a relatively specific phenol sulphotransferase was separated by ionexchange chromatography from a number of steroid sulphotransferases but all the enzymes were capable of catalysing the sulphation of p-nitrophenol (Banerjee & Roy, 1966) and L-tyrosine methyl ester (J. G. Jones & A. B. Roy, unpublished work).
From results quoted here it is clear that enzyme B can exist in a number of different forms. The freshly prepared enzyme preparation catalyses the sulphation of L-tyrosine methyl ester and p-nitrophenol. The Km values for these sulphate acceptors are 1.5,UM and 2.9mM for p-nitrophenol and L-tyrosine methyl ester respectively. The Km value for pnitrophenol is low compared with values quoted elsewhere for phenol sulphotransferase (Banerjee & Roy, 1966; Carroll, 1969; Mattock & Jones, 1970) . On standing in the cold, enzyme B is converted into a different form with quite distinct kinetic properties. The new form of the enzyme catalyses the sulphation of p-nitrophenol with a Km of 0.34mM, and Vma.. for the reaction is fourfold greater than that with the original enzyme B. This enzyme fails to catalyse the sulphation of L-tyrosine methyl ester but the low solubility of the ester precludes experiments at much higher concentrations of sulphate acceptor. All of the original kinetic properties of enzyme B are restored by treatment with the thiolreducing agent dithiothreitol. It is therefore coneluded that the interconversion of these two forms of enzyme B involves the reversible oxidation of thiol-groups in the protein.
A mixture of the oxidized and reduced forms of the enzyme will continue to exhibit normal kinetic properties when assayed with L-tyrosine methyl ester because only the reduced enzyme is active towards this substrate. However, with p-nitrophenol as substrate, a mixture of the two forms of the enzyme will exhibit complex kinetics as shown in Fig. 3(a) .
When the oxidized form of enzyme B is kept at 0°C in a buffer of relatively low ionic strength (I approx. 10mM) then further changes in its kinetic properties are observed. The results shown in Table 2 and Figs. 5(a) and 5(b) are consistent with the accumulation, during storage of the preparation, of another form or other forms of phenol sulphotransferase with a lower affinity for p-nitrophenol. The appearance of these newforms of phenol sulphotransferase does not appear to be directly related to changes in the molecular size of the enzyme, although aggregates of larger molecular size are formed on more prolonged storage. These aggregates are activated and dissociated by reduction with dithiothreitol, when they also show sulphotransferase activity towards L-tyrosine methyl ester.
The results quoted here show that thiol-reducing agents are likely to increase the rate of sulphation of L-tyrosine methyl ester by all enzyme B preparations other than those freshly prepared. The effect of thiols on the rate of sulphation of p-nitrophenol on the other hand will clearly depend upon the age of the enzyme preparation, the conditions of storage and the concentration of substrate used for the estimation. A newly oxidized sample of enzyme B is apparently inhibited by dithiothreitol if the enzyme is assayed by using concentrations of p-nitrophenol greater than the value at the intersection of the curves shown in Fig. 4 (0.1mM) . Conversely, the same enzyme preparation is apparently activated by dithiothreitol at concentrations ofp-nitrophenol below this value. A preparation of enzyme B stored at low ionic strength is apparently unaffected by D. J. BARFORD AND J. G. JONES 432 1971 Vol. 123 Fig. 7 . Chromatography of enzyme B on a column of Sephadex G-200. The enzyme preparation was examined in the reduced form immediately after isolation (a) and in the oxidized form after storing at 00C and I approx. 0.O1M for 3 weeks (b) and 5 weeks (c). Some fractions were assayed for sulphotransferase activity towards p-nitrophenol (IOmM) after reduction with dithiothreitol (o). In the case of the oxidized preparation of the enzyme the fractions were also assayed with p-nitrophenol (10mM) without the addition of dithiothreitol (e). In (a) and (c) fractions were also assayed after reduction with dithiothreitol for sulphotransferase activity towards L-tyrosine methyl ester (6mm; A). One unit is the amount ofenzyme necessary to form 1 umol ofproduct/h under the conditions described in the text. dithiothreitol after keeping for 3 weeks at 00C but is again activated on reduction after keeping for 5 weeks even when assayed with 10 mM-p-nitrophenol (see Table 2 ). After this time the enzyme preparation also shows some degree of aggregation. This observation contrasts with that of Carroll & McEvoy (1970) who report that an aggregated form of rat liver phenol sulphotransferase is inhibited by added thiols, although the concentration of pnitrophenol used for the assay was not quoted. A similar result could arise if the aggregated form described here were assayed at a concentration of p-nitrophenol considerably greater than 10mM.
The changes in the properties of enzyme B which have been shown to result from the oxidation of thiol groups is not reflected in the affinity of the enzyme for the sulphate donor adenosine 3'-phosphate 5'[35S]-sulphatophosphate. This observation is consistent with the findings that sulphotransferase reactions in general seem to proceed via a rapidequilibrium random Bi Bi mechanism (Banerjee & Roy, 1966 , 1967 , 1968 Mattock & Jones, 1970; Orsi & Spencer, 1964) . Such a mechanism allows an independent variation in the properties of the two substrate-binding sites. Finally it should be pointed out that the sulphotransferase activity of freshly prepared rat liver supernatant towards L-tyrosine methyl ester and p-nitrophenol is unaffected by added dithiothreitol. It is therefore presumed that these enzymes exist in the cell in the reduced form and the different conformational states of the oxidized enzyme reported here probably have no significance in vivo. It seems unlikely that reversible oxidation and reduction of the enzyme by glutathione in vivo can serve as a control mechanism.
